Flagellin is the major structural protein of the flagella of Gram-negative bacteria and is a potent trigger of innate immune responses in a number of eukaryotic cells and organisms. In this study, we sought to determine whether flagellin induces an inflammation response in cultured human corneal epithelial (HCE) cells and to determine the underlying mechanisms.
A n opportunistic bacterial pathogen, Pseudomonas aeruginosa (PA), can cause bacterial keratitis in patients who use extended-wear contact lenses. 1 If untreated, infection with PA can lead to perforation of the cornea, resulting in permanent loss of vision and even loss of the eye. 2 PA elaborates a multitude of factors including glycocalyx, lipopolysaccharide (LPS), exotoxin, and flagellin. 3 These factors, notably LPS, may induce the release of a number of proinflammatory cytokines in resident corneal cells that can augment or prolong the inflammatory response, a consequence necessary to contain the infection. 3, 4 The host inflammatory response, however, also contributes to corneal destruction.
Recent studies have shown that flagella, surface structures that confer motility, enhance the pathogenicity of certain organisms including PA, either by promoting adhesion to the host tissues or by directly activating host inflammatory signal pathways. [5] [6] [7] [8] Most Gram-negative bacteria express flagella. Flagellin is the major structural protein of the flagella. Alterations in flagellar expression are associated with decreased virulence in several animal models of bacterial pathogenesis, including PA lung 9 -11 and corneal infection. 5 It has been demonstrated that flagella bind specifically to the host cell glycosphingolipid asialo-GM1, and that binding is essential for epithelial cell invasion and cytotoxicity. 3, 10 Recent reports also indicate that flagella elicit host immune responses and that the responsible component is the filament protein flagellin. Intravenous flagellin causes a systemic inflammatory response in mice. 7 In vitro, flagellated bacteria, purified flagellin, and medium conditioned by flagellated bacteria all readily induce inhibitory (I)B-␣ degradation, NF-B activation, inducible nitric oxide synthetase expression, and the release of proinflammatory cytokines and chemokines such as interleukin (IL)-6, IL-8, CCL20, and TNF␣ in a variety of epithelial cells and cell lines. 7, 8, [12] [13] [14] [15] The effect of flagellin was shown to be caused by activation of toll-like receptor (TLR)-5 and in flagellin-challenged mice in a myeloid differentiation factor 88 -dependent manner. 8, 13 TLRs are an evolutionarily conserved family of receptors that function in innate immunity through recognition of pathogen-associated molecular patterns. 16, 17 Pattern recognition by TLRs then leads to cytokine production and expression of costimulatory molecules, which can constitute protective innate and adaptive immunity. 18 To date, 10 TLRs have been identified. 19, 20 Agonists have been identified for some (TLR2, -3, -4, -5, and -9), but not all, of these TLR proteins. TLR2 agonists include a variety of bacterial cell wall products, 20 whereas TLR3 agonists are the double-stranded RNAs (dsRNA) associated with viral infection.
21 TLR4 agonists include Gramnegative bacterial LPS, respiratory syncytial virus protein F, and the plant product taxol. 22, 23 Bacterial flagellin has been identified as a TLR5 agonist 13 and unmethylated CpG-containing DNA as a TLR9 agonist. 24 In the cornea, the expression and function of TLR4 in endotoxin-induced keratitis, in LPS-induced proinflammatory cytokine production, and in the inflammatory response induced by insoluble extracts of filarial nematodes have been documented. [25] [26] [27] Although PA flagella have been shown to be involved in PA internalization in corneal epithelial cells, 5 whether flagellin induces inflammatory responses through TLR5 signaling pathway and, if it does, how TLR5 discriminates between pathogenic and nonpathogenic bacteria in the cornea remain to be determined.
In this study, we investigated the effect of PA flagellin in cultured HCE cells on NF-B activation and proinflammatory cytokine production. We also determined the role of flagellin-TLR5 interaction in induction of epithelial inflammatory responses by using anti-flagellum antiserum and anti-TLR5 antibody. Based on this study, we propose that flagellin plays a role, through TLR5, in induction of Gram-negative bacterial infection-associated inflammatory responses in the human cornea.
MATERIALS AND METHODS

Flagellin Purification
PA strain PAO1 was injected into 2000 mL of tryptic soy broth medium (Sigma-Aldrich, St. Louis, MO) and incubated overnight at 37°C in a shaking incubator (New Brunswick Scientific, Edison, NJ) to a stationary phase (10 12 CFU/mL). Bacteria were collected by centrifugation at 7000g at 4°C for 20 minutes and resuspended in 50 mM sodium phosphate buffer (pH 7.0). The bacterial suspension was blended to remove the flagellin from the cells. The homogenate was centrifuged at 12,000g at 4°C for 20 minutes to remove the cells from the supernatant. The supernatant was then mixed with ammonium sulfate in 5% increments. The differentially saturated supernatants were centrifuged at 12,000g at 4°C for 30 minutes to remove the insoluble materials from solution. The 15% and 20% insoluble fractions that contained the greatest amount of flagellin with the least amount of contaminants, were dissolved in 50 mM sodium phosphate buffer (pH 8.0) and dialyzed against the same buffer. 28 The flagellin-containing sample was applied to diethylaminoethyl (DEAE)-Sephadex A-50 (Amersham Pharmacia Biotech Inc., Piscataway, NJ). The column was washed with 10ϫ 50 mM sodium phosphate buffer (pH 8.0) and then eluted with 6ϫ 0.6 mM NaCl and 50 mM sodium phosphate buffer (pH 8.0). The protein-containing fractions were collected, concentrated on filters (Amicon Centriplus YM-3; Millipore, Bedford, MA), 14 and applied to 1 mL prepacked gel affinity columns (Detoxi-Gel Affinity Pak; Pierce, Rockford, IL). The amount of LPS was determined with a quantitative limulus amebocyte lysate kit (QCL-1000; BioWhittaker, Walkersville, MD). The amount of LPS in the flagellin samples after the two steps of chromatography was 2.7 endotoxin units (EU)/mg protein, comparable to that in the LPS-free flagellin preparation reported by Rudner et al. 29 Identity of flagellin was confirmed with immunoblot analysis with rabbit anti-PA flagellum B antiserum, kindly provided by Dan Wozniak (Wake Forest University, Winston-Salem, NC).
Human Corneal Epithelial Cell Culture and Flagellin Challenge
Human telomerase-immortalized corneal epithelial (HUCL) cells, kindly provided by JG Rheinwald and Ilene Gipson (Harvard Medical School), 30 were maintained in defined keratinocyte serum-free medium (SFM; Invitrogen-Life Technologies, Carlsbad, CA) in a humidified 5% CO 2 incubator at 37°C. Cells were grown to 80% to 90% confluence in defined keratinocyte-SFM. Before treatment, the medium was replaced with keratinocyte basic medium (KBM; BioWhittaker) for 16 hours (growth factor starvation overnight). At the time of treatment, culture medium was replaced with fresh KBM containing flagellin and/or antibodies. At the indicated time, cells were processed for RNA preparation and immunoblot analysis, and conditioned media were collected for cytokine determination.
To conform the results obtained from HUCL cells, primary HCE cells were isolated from human donor corneas obtained from the Georgia Eye Bank. The epithelial sheet was separated from underlying stroma after overnight dispase (2.5 U/mL, Sigma-Aldrich) treatment at 4°C. The dissected epithelial sheet were trypsinized and cells collected by centrifugation (500g, 5 minutes). HCE cells were cultured in T25 flasks coated with fibronectin-collagen (FNC; 1:3 mixture) coating mix (Biological Research Faculty and Facility) and used at passage 3.
RNA Extraction and RT-PCR Analysis
RNA was isolated with extraction reagent (TRIzol; Invitrogen), and 2 g of total RNA was reverse-transcribed with a first-strand synthesis system for RT-PCR (SuperScript; Invitrogen). cDNA was amplified by PCR with specific primers for human IL-6 (sense: CTCCTTCTCCA-CAAGCGCCTTC and antisense: GCGCAGAATGAGATGAGTTGTC; product: 583 bp), IL-8 (sense: CACCGGAAGGAACCATCTCA and antisense: GGAAGGCTGCCAAGAGAGC; product: 72 bp), 18S (sense: ACATCCAAGGAAGGCAGCAG and antisense: TTTTCGTCACTACCTC-CCCG, product: 65 bp), and GAPDH (sense: CACCACCAACTGCTTAG-CAC and antisense CCCTGTTGCTGTAGCCAAAT; product: 515 bp). IL-6 was amplified 25 cycles with annealing temperature 58°C, and IL-8 was amplified 20 cycles with annealing temperature 60°C. The PCR products (5 L) for IL-6 and its internal control GAPDH were subjected to electrophoresis on 1% agarose gels containing ethidium bromide. Products for IL-8 and its internal control 18S were separated on a 12% polyacrylamide gel and stained with nucleic acid green dye (SYBR green; Molecular Probes, Inc., Eugene, OR). Staining was captured by digital camera (EDAS 290 system; Eastman Kodak, Rochester, NY).
Determination of IL-6 and -8 Secretion from HUCL Cells
Secretion of IL-6 and -8 was determined by ELISA. HUCL cells were plated 4 ϫ 10 5 cells/well in 12-well plates. After growth factor starvation, cells were treated with flagellin for the indicated time and supernatants harvested for measurement of IL-6 and -8. IL-6 and -8 ELISAs were performed according to the manufacturer's instructions (R&D Systems, Minneapolis, MN). The amount of IL-6 and -8 in culture media was normalized with the total amount of cellular protein lysed with radioimmunoprecipitation assay (RIPA) buffer (150 mM NaCl, 100 mM Tris-HCl [pH 7.5], 1% deoxycholate, 0.1% SDS, 1% Triton X-100, 50 mM NaF, 100 mM sodium pyrophosphate, 3.5 mM sodium orthovanadate, proteinase inhibitor cocktails, and 0.1 mM phenylmethylsulfonyl fluoride [PMSF]). Protein concentration of cell lysate was determined with a bicinchoninic acid assay (Micro BCA; Pierce Biotechnology, Rockford, IL). Results were expressed as mean picograms of cytokine per milligram cell lysate Ϯ SE (n ϭ 3). Probabilities were determined via ANOVA.
Cell Surface Biotinylation
HUCL cells were grown in cell migration assay filters (Costar Transwell; Corning, Inc., Corning, NY) until the formation of a monolayer, as evidenced by stable transepithelial electric resistance. The filtergrown cells were rinsed twice with PBS supplemented with 0.1 mM CaCl 2 and 1 mM MgCl 2 and then incubated with freshly prepared NHS-LC-Biotin (Pierce) diluted in the same solution (1 mg/mL), applied either to the basal or to apical side of the migration assay filters, for 5 minutes at room temperature or 30 minutes at 4°C. The reaction was quenched with 50 mM NH 4 Cl, and cells were lysed with a solution containing 1% Triton X-100, 20 mM Tris (pH 8.0), 50 mM NaCl, 5 mM EDTA, and 0.2% BSA supplemented with protease inhibitors. Cell extracts were centrifuged to remove detergent-insoluble material, and detergent-soluble supernatant was incubated with immobilized streptavidin agarose (Pierce) for 16 hours at 4°C to bind biotinylated proteins. Proteins bound to the agarose slurry were solubilized with Laemmli buffer. The samples were then analyzed by SDS-PAGE and immunoblot with affinity purified rabbit antibodies against TLR5 from Santa Cruz Biotechnology (Santa Cruz, CA).
Western Blot Analysis
Flagellin-treated HUCL cells were lysed with RIPA buffer, and protein concentration was determined with the BCA assay (Micro BCA; 
Immunohistochemistry of TLRs in Human Cornea Sections
Cryostat sections (8 m) of a human cornea after limbal transplantation were blocked with 5% goat serum for 1 hour. The affinity purified TLR5 antibody (5 g/mL) was incubated at 4°C in a moist chamber overnight. After the slides were washed in PBS-BSA, fluorescein isothiocyanate-conjugated goat anti-rabbit IgG (1:200 dilution; Jackson ImmunoResearch Laboratory; West Grove, PA) was applied for 1 hour at room temperature in a moist chamber. After the coverslips were washed, they were mounted with antifade mounting medium with DAPI (Vectashield; Vector Laboratories, Burlingame, CA). Negative control experiments included incubation of tissue sections with secondary antibodies alone.
Application of Neutralizing Antibodies
To neutralize flagellin, 250 ng/mL flagellin in KBM was mixed with 1:1000 diluted anti-flagellum antiserum and incubated at 37°C for 30 minutes, the same dilutions of normal rabbit serum were added to the medium as a negative control. HUCL cells were treated with KBMserum mix at 37°C for various times.
To neutralize TLR5, HUCL cells were preincubated with KBM containing 10 g/mL anti-TLR5 antibody or the same concentration of purified rabbit IgG (Sigma-Aldrich) for 30 minutes at 37°C. Cells were then treated with 250 ng/mL flagellin in KBM at 37°C for various times.
RESULTS
Effect of Flagellin on NF-B Activation in HUCL Cells
To determine whether flagellin stimulates an epithelial inflammatory response, we purified flagellin from PA strain PAO1 with ammonium sulfate gradient precipitation and removed endotoxin LPS by two chromatography steps. The final preparation contains 2.7 endotoxin units (or 5.4 ng LPS) per milligram of purified flagellin. SDS-PAGE-Coomassie blue or silver staining revealed a predominant band at approximately 60 kDa, consistent with the known molecular weight of PA flagellin (Fig. 1) . Immunoblotting with PA flagellin antibody 31 detected a single immunoreactive band coincident in molecular weight with the Coomassie blue/silver-stained band, suggesting that the purified protein is PA flagellin.
Activation of NF-B in HCE cells in response to flagellin challenge was assessed by immunodetection of IB-␣ phosphorylation and degradation (Fig. 2) . HUCL cells ( Fig. 2A) stimulated by 250 ng/mL of purified LPS removed flagellin resulted in IB-␣ phosphorylation and degradation in a timedependent manner. Phosphorylated IB-␣ was detected at 5 minutes and reached a peak at 60 minutes after stimulation, followed by slow decline up to 4 hours, at which time the phospho-IB-␣ was still detectable. The increase in IB␣ phosphorylation preceded IB-␣ degradation, which was detectable 10 minutes after stimulation. By 30 minutes, the IB-␣ level was almost undetectable and thereafter increased steadily up to hour 2 after stimulation ( Fig. 2A) , suggesting an increase in IB␣ expression when its cellular level is down. Figure 2B showed a similar response of primary culture of HCE cells to the challenge of LPS-free flagellin (250 ng/mL). Nuclear translocation of NF-B, detected by immunohistochemistry with anti-p65 (a NF-B subunit), was also observed in flagellinchallenged HUCL cells (data not shown). Taking the findings together, we conclude that HCE cells respond to flagellin and activate the NF-B signaling pathway. Flagellin was prepared from PAO1 cell extracts by 15% and 20% ammonium sulfate precipitation. The indicated amounts of isolated proteins were resolved on 5% to 15% polyacrylamide gels and either stained with Coomassie blue (lanes 1 and 2) or probed with anti-PA flagellum antiserum (1:25,000 dilution; lane 3) after transferring to nitrocellulose. Lane 4: purified flagellin after removal of potential lipopolysaccharide contamination with silver staining.
FIGURE 2. PA flagellin stimulated IB-␣ degradation and phosphorylation in HUCL or primary HCE cells. HUCL cells (A) or primary HCE cells (B)
, isolated from a 49-year-old white male without any known ocular abnormality, were stimulated with flagellin (250 ng/mL) or medium alone (control) for the indicated times. Total protein was extracted, and 20 g of protein was subjected to SDS-PAGE followed by phospho-IB-␣ (p-IB-␣) and IB-␣ immunoblotting using a chemiluminescence technique. These results are representative for two independent experiments.
Effect of PA Flagellin on IL-6 and -8 Expression and Secretion in HUCL Cells
To assess the biological relevance of induced NF-B activation, we measured the effect of PA flagellin on HCE proinflammatory cytokine expression and production (secretion). The effect of flagellin on IL-6 and -8 mRNA expression was determined by RT-PCR. IL-6 mRNA was not detectable in control nontreated cells (Fig. 3) . A PCR product of the expected size (583 bp) was observed 30 minutes after stimulation; the band intensity increased, reached a peak at 60 minutes, and was still detectable at 2 hours. IL-8 transcripts (65 bp) were observed in control HUCL cells, but its level was elevated in flagellin-treated cells, starting 30 minutes after stimulation and peaking at 1 hour. The levels of GAPDH and 18S (controls for RT-PCR) remained unchanged in control and in flagellin-challenged cells. Similar results were obtained when primary HCE cells and/or LPS-free flagellin was used (data not shown).
The effects of flagellin on IL-6 and -8 secretion by HUCL cells were assessed by ELISA (Fig. 4) . At each time point tested, HUCL cells secreted increased amounts of IL-6 and -8 after exposure to flagellin. The differences in the amount of secreted IL-6 and -8 between control and flagellin-challenged cells were more apparent after prolonged incubation (8 hours). The amounts of IL-6 and -8 accumulated in 8-hour culture media of flagellin-challenged cells was 2.5 and 3 times more than that in control cell medium, respectively.
Taken together, these data suggest that flagellin stimulates IL-6 and -8 expression and secretion in cultured HCE cells.
Cellular Distribution of TLR5 in Human Cornea and in Corneal Epithelial Cells
TLR5 has been shown to be the receptor for flagellin. Our initial studies using PCR and Western blot analysis revealed the expression of TLR5 in HUCL cells. In intestinal epithelial cells, TLR5 was found to be expressed exclusively on the basolateral surface of intestinal epithelia. 8 To determine the distribution of TLR5 in HCE cells, we used cell surface biotinylation. HUCL cells were grown on cell migration assay filters (Costar Transwell; Corning) until a consistent reading of transepithelial electric resistance was reached (120 ⍀, usually 7-10 days). Epithelia were treated apically or basolaterally with cell membraneimpermeable NHS-LC-biotin, lysed, and immunoprecipitated with streptavidin-Sepharose. Immunoprecipitates were probed by SDS-PAGE and immunoblot with anti-TLR5 antibody (Fig. 5) . Unlike in intestinal epithelia, 8 TLR5 in corneal epithelial cells was labeled on both the apical and basal sides.
To determine the cellular distribution of TLR5 in stratified corneal epithelium, we performed immunohistochemistry using human corneal sections (Fig. 6) . Consistent with apical and basal labeling of TLR5 in cultured corneal epithelial cells, staining of TLR5 was found at the cell surface of basal and wing layers of human corneal epithelium. No specific staining was observed in the apical layer. 
Effects of Flagellum Antiserum and Anti-TLR5 Antibody on Flagellin-Induced Epithelial Responses
To determine the role of the flagellin-TLR5 interaction in the initiation of innate inflammatory responses of corneal epithelial cells, flagellum antiserum and anti-TLR5 antibody (raised against amino acids 154-280 of human TLR5) were used to block function. Incubation of purified flagellin with flagellin antiserum or HUCL cells with anti-TLR5 antibody for 30 minutes before 250 ng/mL flagellin challenge resulted in inhibition of flagellin-induced IB-␣ phosphorylation and degradation, whereas the control normal rabbit serum or purified rabbit IgG exhibited no effects (Fig. 7) .
Similarly, flagellin antiserum or TLR5 antibody also significantly inhibited the flagellin-induced secretion of IL-6 and -8 from HUCL cells. As shown in Figure 8 , compared with normal rabbit serum treatment, preincubation of flagellin with flagellin antiserum (1:1000 dilution) decreased flagellin-induced IL-6 accumulation in culture medium by 38% and IL-8 by 65% (P Ͻ 0.001). Preincubation of HUCL cells with TLR5 antibody (10 g/mL), compared with preincubation with equivalent amounts of rabbit IgG, resulted in 42% and 40% reduction of flagellin-induced release of IL-6 and -8 release, respectively, in 4 hours. These data indicate that upregulation of IL-6 and -8 in HCE cells depends on a flagellin-TLR5 interaction.
FIGURE 5.
Cell surface biotinylation of TLR5. HUCL cells were cultured on cell migration assay filters, and formation of an impermeable monolayer was monitored with measurement of transepithelial electric resistance. 32 The monolayers were labeled with NHS-LC-biotin added either to the upper (lanes 1 and 3) or to the bottom (lanes 2 and 4) chambers. Biotinylated proteins were either directly analyzed by Western blot (lanes 1 and 2) or were precipitated from the cell lysate by streptavidin-conjugated agarose and analyzed using Western blot (lanes 3 and 4) with TLR5-specific antibodies. Results are representative of four independent experiments. 
DISCUSSION
In this study, the flagellin in PA had the ability to signal the NF-B system in HCE cells by inducing phosphorylation and degradation of IB-␣ and expression and secretion of proinflammatory cytokines IL-6 and -8. The concentration of purified flagellin used (250 ng/mL) to elicit the in vitro corneal epithelial response was several times lower than the concentration of free flagellin circulating in the blood of septic rats (ϳ1000 ng/mL), 7 suggesting that the effects of flagellin on corneal epithelial cells are physiologically relevant. Furthermore, we demonstrated that corneal epithelial cells express TLR5, an innate immunity receptor of flagellin and that TLR5 is able to recognize flagellin and subsequently elicit inflammatory responses. Thus, our data indicate that flagellin, through its receptor TLR5, may play a role in causing innate immune responses in epithelium and subsequent inflammation in corneal diseases such as Gram-negative bacterial keratitis.
Early studies revealed that flagella play an important role in corneal infection as adhesions. 5 Flagellins, structural components of flagellated bacteria, from different Gram-negative bacteria share homology in two regions. 33, 34 Thus, flagellin provides a pattern that can be recognized by host cells. Indeed, cells of species ranging from mammals to plants can generate a defense response when challenged with flagellin. 13, 35 Our studies revealed that corneal epithelial cells also respond to flagellin challenge and initiate a rapid innate immune response by the activation of NF-B and the production of proinflammatory cytokines and chemokines such as IL-6 and -8. 36 -38 Although the inflammatory response is necessary to clear the organism from the infected tissue, it may also be destructive to the host corneas, leading to corneal scarring, melting, and blindness. 4, 36, 39 Thus, blocking flagellin's effects on epithelial cells should be part of a therapeutic strategy for preventing some of the destructive consequences of ocular, Gram-negative infections.
The eye is relatively impermeable to microorganisms. 4, 39, 40 However, if corneal integrity is breached by trauma or contact lens wear, a sight-threatening bacterial infection may occur. 41, 42 Corneal epithelial cells constitute the first line of defense against microbial pathogens and, therefore, must possess the ability to sense the presence of pathogenic bacteria. The evolutionarily conserved TLRs play a key role in recognition of conserved microbial molecular patterns, thus activating the innate immune responses. 16, 18 Recently recorded data have shown that bacterial flagellin is the ligand for TLR5, not only in cells of the myeloid lineage, but also in epithelial cells at mucosal surfaces. 6, 8, 13, 43 In the cornea, we observed that epithelia express TLR5, as assessed by immunohistochemistry and immunoblotting, and that TLR5 recognizes PA flagellin and elicits an epithelial response through activation of the NF-B signaling pathway. Thus, as has been proposed for other epithelial cells, TLR5 is the innate receptor for flagellin and can function as a Gram-negative bacterial sensor in the cornea, recognizing the presence of bacteria or bacterial products and mediating corneal innate immune responses that result in the clearing of pathogen by corneal host mechanisms.
Corneal epithelial cells are in the unique position of being in constant contact with bacteria and bacterial products. 39 Those factors that are normally proinflammatory for other cell types do not induce epithelial cells to initiate a defensive response. 6 The refractory nature of epithelial cells to bacteria or bacterial products is important, because mounting an inflammatory response to the presence of nonpathogenic bacteria would indeed be detrimental to the host. This is true even more so of the avascular and transparent cornea, where formation of scar tissue due to a host inflammatory reaction results in loss of vision. 4, 44 Thus, the ability to discriminate between pathogenic and nonpathogenic bacteria is extremely important for corneal epithelial cells. A recent study reported that flagellin promotes inflammation only if it crosses the intestinal epithelial and contacts the basolateral membrane.
14 Furthermore, TLR5 has been found to be expressed exclusively on the basolateral surface of intestinal epithelia, 8 thus providing a molecular mechanism by which epithelial cells discriminate between pathogens and nonpathogens. However, using the same approach, 8 we found that TLR5 can be labeled from both apical and basal sides of HCE cells cultured on cell migration assay filters (Costar Transwell; Corning), suggesting that TLR5 is not restricted to the basolateral surface of corneal epithelium. Consistent with this in vitro labeling, we observed TLR5 staining at the entire surface of basal and wing cell layers of human corneal epithelium. However, no TLR5 staining was observed in the apical layers of stratified corneal epithelium. Thus, the presence of flagellin receptors only in internal cell layers of stratified epithelium would maintain the epithelium, which is in contact with bacteria or bacterial products at the apical surface, in a refractory state. Either bacterial entry into epithelium or breach of the epithelial barrier leads to exposure of the TLR5 to bacteria or bacterial products that can then trigger recognition systems, which initiate a defensive response by the cornea, including the synthesis of defensins (Yu et al., unpublished results, 2003) and production of proinflammatory cytokines and chemokines such as IL-6 and -8. In summary, our studies and others examining TLR4 [25] [26] [27] suggest that corneal epithelial cells can recognize multiple Gram-negative bacterial components and initiate innate immune responses that result in clearing of pathogen and, potentially, an excessive inflammatory response that results in corneal scarring and loss of vision. Understanding the molecular events of bacterial-epithelial interactions and the inflammatory consequences of TLR activation may permit the development of novel, specific therapies that can promote innate defense and prevent some of the destructive consequences of ocular Gram-negative infections.
